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Abstract We investigated new microbial systems for their
ability to convert lesquerolic acid (LQA; 14-hydroxy-11(Z)-
eicosenoic acid) to value-added products. A strain of
Sphingobacterium multivorum (NRRL B-23212) was found
previously to convert LQA to 14-oxo-11(Z)-eicosenoic acid
(14-OEA) as determined by gas chromatography—mass
spectrometry and nuclear magnetic resonance analyses.
Conversion of LQA was subsequently extended to examine
S. multivorum and closely related species of Pedobacter,
Spirosoma,  Chryseobacterium,
Among 25 of such environmental isolates, a group of bac-
teria, whose identity was further confirmed by 16S rRNA
gene sequence analysis as S. multivorum, was the only spe-
cies found to conduct LQA conversion to produce 14-OEA.
Among these strains, however, NRRL B-14797 was a variant
strain devoid of the specific biologic activity. A new culture
medium at pH 7.0 was defined to include Fe** and Mn**
mineral ions, glycerol, and EDTA-2Na to improve the pro-
duction of 14-OEA from the initial yields of 2% to 13% to
approximately >75% for the reactive S. multivorum strains.
These S. multivorum strains represent the first group of
bacteria reported to carry out the functional modification of
LQA.

and Flavobacterium.
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Introduction

Microbial modifications of unsaturated fatty acids can often
lead to value-added products for a variety of new uses [10].
For instance, in a previous study, we applied an enrichment
culture technique to allow selection of microorganisms from
a compost mixture amended with soybean oil that would
transform unsaturated fatty acids [5]. Among the selected
species, several strains of Sphingobacterium thalpophilum
were found to possess the ability to convert oleic acid to 10-
ketostearic acid and small amounts of 10-hydroxystearic
acid [9]. These oxygenated fatty acids are industrial chemi-
cals and are useful in plasticizer, surfactant, lubricant, and
detergent formulations. In addition, several strains of Pseu-
domonas aeruginosa were identified for converting
ricinoleic acid to produce an antifungal compound, 7,10,12-
trihydroxy-8(E)-octadecenoic acid (TOD) in shake flasks
[13] and in a scale-up reactor process [12].

Lesquerolic acid (LQA) is a homolog ricinoleic acid that
has an additional C,H, unit from the carboxyl terminus. It
is the major fatty-acid component (45%) of Lesquerella
fendleri seed oil, which is being developed in the United
States as a source of hydroxy fatty acids to replace
imported castor oil [17]. In a previous study, we examined
LQA conversion catalyzed by compost isolates, including
NRRL strains B-23212 (S. multivorum), B-23213 (Acine-
tobacter sp.), B-23257 (Enterobacter cloacae B), B-23259
(Escherichia sp.), and B-23260 P. aeruginosa) [14].
Among them, only the S. multivorum strain was able to
convert LQA to produce a new product determined by gas
chromatography—mass spectrometry (GC-MS) and nuclear
magnetic resonance (NMR) analyses as 14-oxo-11(Z)-ei-
cosenoic acid (14-OEA). The present work describes LQA
conversion by strains of S. multivorum and related species

of Pedobacter, Spirosoma, Chryseobacterium, and
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Flavobacterium. Results indicate that S. multivorum was
the only species capable of mediating LQA conversion to
produce 14-OEA, presumably by secondary alcohol dehy-
drogenase (ADH) activity. In addition to the reactive S.
multivorum strains that exhibited different levels of LQA
conversion, NRRL B-14797 was identified as a variant
strain lacking secondary ADH activity.

Materials and Methods
Chemicals

Yeast extract and tryptone were from Difco Laboratories
(Detroit, MI). High purity (>99.9%) margaric acid (C17:0)
and other GC reference standards were purchased from Nu-
Chek Prep (Elysian, MN). All other chemicals were
reagent grade and were used without further purification. L.
fendleri oil was supplied by International Flora Technolo-
gies, Ltd. (Apache Junction, AZ). LQA was prepared from
lesquerella oil by saponification and crystallization as
described previously [15]. In a typical preparation, 150 g
LQA at approximately 98% purity based on GC analyses
was produced from processing 400 ml L. fendleri oil. The
prepared sample was flushed with ultra-pure grade nitrogen
gas and stored in batches at < 0°C.

Microorganisms

Twenty-five strains from the United States Department of
Agriculture, Agricultural Research Service (USDA-ARS)
Culture Collection (formerly NRRL), were used in this
study. The strains encompassed a number of species in the
genera Sphingobacterium (NRRL B-14797, NRRL B-
14860, NRRL B-14861, NRRL B-14902, NRRL B-23206,
NRRL B-23208, NRRL B-23210, NRRL B-23211, NRRL
B-23212, and NRRL B-23392), Pedobacter (NRRL
B-14731), Spirosoma (NRRL B-4227), Chryseobacterium
(NRRL B-14798 and NRRL B-14848), and Flavobacterium
(NRRL B-324, NRRL B-456, NRRL B-483, NRRL B-559,
NRRL B-619, NRRL B-1889, NRRL B-2157, NRRL
B-2464, NRRL B-4074, NRRL B-14841, and NRRL B-
23391). All strains are permanently archived in the USDA-
ARS Culture Collection and are freely available through the
on-line catalog (http://www.nrrl.ncaur.usda.gov). Lyophi-
lized preparations of the strains were grown on tryptone—
glucose—yeast extract (TGY) [2] liquid medium at 28°C for
24 to 48 hours and subsequently maintained on TGY agar
slants at 4°C.

Species Identification

To confirm the identities of strains NRRL B-14797, NRRL
B-14861, NRRL B-23206, NRRL B-23208, NRRL
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B-23210, NRRL B-23211, and NRRL B-23212, sequencing
and phylogenetic analysis of the 16S rRNA gene was con-
ducted for each strain according to the following procedure:
A fragment of the 16S rRNA gene corresponding to nucle-
otides 63 to 1387 of the E. coli 16S rRNA gene was amplified
using the polymerase chain reaction protocol of Rooney
et al. [18]. The forward and reverse strands of each fragment
were sequenced using the Big Dye Kit (Applied Biosystem:s,
Foster City, CA) on an ABI 3730 automated sequencer. After
the resulting DNA sequences were visually inspected for
potential errors, the online NCBI BLAST computer program
was used to identify the closest 16S matches in GenBank. An
alignment of the sequences was constructed using the pro-
gram ClustalX [20] and subsequently checked for errors by
visual inspection. The 16S rRNA gene sequences for strains
NRRL B-14797, NRRL B-14861, NRRL B-23206, NRRL
B-23208, NRRL B-23210, NRRL B-23211, and NRRL B-
23212 were deposited in GenBank under the accession
numbers EU075196, EU075197, EU075194, EU075195,
EU075193, EU075191, and EU075192, respectively. Each
isolate was identified to species level through Kimura phy-
logenetic analysis [7] with two-parameter distances between
16S gene sequences. The analysis was conducted using the
neighbor-joining method [19], with 1,500 bootstrap repli-
cates to gauge the statistical reliability of internal branches.
We also included a number of published 16S gene sequences
in our analyses. The GenBank accession numbers for these
sequences were as follows: AB020205 (S. multivorum
OM-ARB), AJ438177 (Sphingobacterium thalpophilum),
AJ459411 (S. spiritivorum), AJ438176 (S. faecium),
AJ438175 (Flavobacterium mizutaii), and AJ438171
(Pedobacter africanus").

Bioconversion Reaction and Lipid Analysis

Bioconversions of LQA in shake flasks were carried out in
modified Wallen fermentation (WF) [4] and in a newly
defined Sphingobacterium tree (ST) culture media. The WF
medium contained (in g/L) 4.0 dextrose, 5.0 yeast extract,
4.0 K,HPO,, 0.5 MgS0O,4-7H,0, and 0.0075 FeSO4-7H,0,
and its pH was adjusted to 7.3 with 3 N H,SO, The ST
medium contained (in g/L) 6.0 glycerol, 4.0 yeast extract,
6.0 K2HPO4, 2.0 KH2PO4, 0.3 MgSO47H20, 0.02 Fe
S04 7H,0, 0.02 MnSO4-H,0, 0.02 CuSO4-5H,0, and 0.4
EDTA-Na,-2H,0, and its pH was adjusted to 7.0 with 5 M
phosphoric acid. Conversion of LQA by various microbial
strains in 50-mL Erlenmeyer flasks containing either WF or
ST medium was carried out according to the basic proce-
dures described previously [11]. An aliquot of LQA (0.05
to 0.1 mL, 0.5% to 1%) was added to 20-hour-old cultures
at 28°C and 200 rpm as the culture reached stationary
phase. The conversion reaction proceeded under the same
conditions for an additional 2 days. Each reaction was run
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in duplicate (WF medium) or triplicate (ST medium). After
the reaction, each sample broth was acidified, and lipids
were extracted with 30 mL methanol/ethyl acetate (1:9 v/
v). Methyl esters of the dried lipid extracts were prepared
with diazomethane and subjected to GC analysis according
to the basic procedure described previously [8]. The anal-
ysis was carried out using a Hewlett Packard (Palo Alto,
CA) 6890 Series GC system equipped with a Phenomenex
(Torrance, CA) ZB-1 capillary column (15 m x 0.32 mm,
0.25-um film thickness). The conversion products were
identified by the retention time (RT) relative to C17:0 and
LQA. The product yields were calculated from GC per-
centages relative to C17:0, which was added as internal
standard before lipid extraction.

Results and Discussion

In previous studies, we demonstrated that a compost mix-
ture amended with soybean oil can be enriched in
microorganisms that transform unsaturated fatty acids [5]. It
is noteworthy that P. aeruginosa (NRRL B-23260), which
was originally isolated from compost manure, converts
ricinoleic acid to produce a novel form of TOD that has
antifungal activity and a surface-active property [12].
Thereafter, the P. aeruginosa strain and other compost
microbial isolates, which included Escherichia sp. NRRL
B-23259, E. cloacae NRRL B-23257, Acinetobacter spp.
NRRL B-23213 and strain NRRL B-23212, previously
identified by the Biolog System (Biolog, Hayward, CA) [5]
as S. thalpophilum, were examined for their ability to
convert LQA. It was found that the P. aeruginosa strain
failed to convert LQA to a product homologous to TOD
[14]. Strain NRRL B-23212 was the only tested compost
isolate that converted LQA into a new product, whose
structure was determined by GC-MS and NMR analyses as
10-OEA [14]. Strain NRRL B-23212 and other Sphingo-
bacterium strains, which were previously shown to possess
the same biologic activity for converting oleic acid to pro-
duce 10-ketostearic and/or 10-hydroxystearic acids [9],
were then subjected to 16S rRNA gene sequence analysis.
The 16S gene clustering patterns are shown in Fig. 1. The
six Sphingobacterium NRRL strains and strain OM-AR,
whose 16S sequence was obtained from GenBank, clearly
formed a well-supported (100% bootstrap value) mono-
phyletic group with the S. multivorum type strain (NRRL B-
148617). The levels of 16S nucleotide divergence between
these strains were also small (i.e., <3%; Table 1). Together,
these results strongly indicate that the strains within this
group are members of the S. multivorum species.
Bioconversion of LQA was subsequently examined for
S. multivorum and its related species. Similar to strain
NRRL B-23212, other reactive S. multivorum strains
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NRRL B-23212
NRRL B-23210
NRRL B-14861"
NRRL B-23206

100 - NRRL B-23208
NRRL B-14797
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S. thalpophilum

S. multivorum

S. faecium
F. mizutaii
S. spiritivorum
P. africanus
—_—
0.01

Fig. 1 Neighbor-joining phylogeny of the seven NRRL strains and
their closest relatives. The tree was reconstructed from Kimura [7]
two-parameter distances. Numbers higher than branches representa-
tive bootstrap values

converted LQA to produce a new compound that migrated
closely to LQA on GC. As examples, a GC chromatogram
displaying the typical lipid profile after LQA conversion by
strains NRRL B-23206 and NRRL B-23211 is shown in
Fig. 2. A new conversion product and an LQA substrate
were the two major compounds present in the lipid extracts
of the LQA conversion cultures. The new compound pro-
duced in both cultures exhibited an RT relative to the
internal standard (C17:0) identical to the one recovered in
the NRRL B-23212 culture, which was determined to be
14-OEA by GC-MS and NMR [14]. The results support the
ability of other reactive S. multivorum strains also con-
verting LQA to produce 14-OEA. The production of 14-
OEA from LQA presumably was catalyzed by a secondary
alcohol dehydrogenase similar to the enzyme from a
pseudomonad [16].

The ability of S. multivorum and its closely related
species to convert LQA is listed in Table 2. Among 25
microbial species/strains examined in the study including
S. multivorum, S. spiritvorum, Chryseobacterium gleum, C.
indologenes, Flavobacterium sp., F. aquatile, F. fuscum, F.
mizutaii, P. heparinus, and Spirosoma linguale, only S.
multivorum strains, except NRRL B-14797, were found to
convert LQA to produce the major product of 14-OEA
when tested initially in the WF medium and later in a
defined ST culture medium. Strain NRRL B-14797, which
failed to convert 10-hydroxystearic acid further to produce
10-ketostearic acid [9], was also unable to convert LQA to
14-OEA. Therefore, NRRL B-14797 represents an S.
multivorum variant most likely devoid of an active sec-
ondary alcohol dehydrogenase required for the conversion
reaction. Interestingly, this strain was near the base of the
S. multivorum group shown in Fig. 1, indicating that it is
somewhat phylogenetically divergent from other S. mul-
tivorum strains. These strains are closely related and
displayed larger 16S gene sequence divergence values
from strain NRRL B-14797 (Table 1). Thus, it would be
interesting to test strain OM-AS for its ability to convert
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Table 2 Conversion of LQA by S. multivorum and related species”

S. multivorum (NRRL no.)

WF medium

LQA in mg (%)

14-OEA in mg (%)

ST medium

LQA in mg (%)

14-OEA in mg (%)

B-14861 24.6 £ 0.3 (49.2) 2.9 + 0.1 (5.8) 6.0 + 2.3 (2.0) 1.3 £ 0.6 (2.6)
B-23206 20.8 £ 0.6 (41.6) 2.7 £ 0.0 (5.4) 8.5 + 2.0 (7.0) 28.4 + 2.5 (56.8)
B-23208 19.8 & 1.3 (39.6) 6.6 + 0.1 (13.2) 374+ 03 (74) 33.8 + 1.8 (67.6)
B-23210 30.9 + 0.8 (61.8) 0.8 + 0.1 (1.6) 35402 (7.0) 355 + 1.6 (71.0)
B-23211 29.2 + 0.2 (58.4) 1.1 £ 0.0 (2.2) 6.7 + 2.7 3.4) 31.6 & 3.5 (63.2)
B-23212 25.6 + 0.1 (51.2) 1.4 + 0.0 (2.8) 3.4 £ 0.6 (6.8) 37.9 + 2.2 (75.8)
B-14797 33.6 &+ 0.8 (67.2) 0.0 (0.0) 52.3 £ 4.2 (104.6) 0.0 (0.0)

# Bioconversion reactions were performed for 48 hours at 200 rpm and 28°C after adding LQA substrate to the specified culture medium as
described in Materials and Methods. Each figure is the average of replicated assays & SE. Shown in parentheses are percents of LQA remaining
and 14-OEA produced according to 50 mg LQA added to each culture. Other strains that displayed no conversion activity were Chryseobac-
terium gleum (NRRL B-14798), C. indologenes (NRRL B-14848), Flavobacterium sp. (NRRL B-324, NRRL B-456, NRRL B-483, NRRL B-
559, NRRL B-619, NRRL B-1889, and NRRL B-4074), F. aquatile (NRRL B-2157 and NRRL B-14841), F. fuscum (NRRL B-2464), F. mizutaii
(NRRL B-23391), P. heparinus (NRRL B-14731), Sphingobacterium sp. (NRRL B-14860), S. spiritvorum (NRRL B-23392), and Spirosoma

linguale (NRRL B-4227)

precipitation and increase the bioavailability of mineral
ions to the culture [1]. The optimal medium pH was
determined to be 7.0. In combining the results of these
basic experimental parameters, a new ST medium (pH 7.0)
which included Mg?*, Fe** and Mn** mineral ions, glyc-
erol, and EDTA-2Na (see detailed composition described
in Materials and Methods), was defined for use in the
conversion of LQA to produce 14-OEA. Using the ST
medium, LQA conversion by most reactive strains to pro-
duce 14-OEA was increased to approximately > 75%,
whereas the medium was not beneficial to strains NRRL B-
14861 and NRRL B-14797. Apparently, increased pro-
duction of 14-OEA was related to the decreased amount of
LQA (17% to 26%) consumed by the reactive S. multivo-
rum cultures as energy source (Table 2).

Our study is part of an overall larger effort to explore the
biologic modification of LQA by whole-cell biocatalysis,
in which the conversion product has been identified as 14-
OEA and reported elsewhere [14]. It is expected that 14-
OEA will be more stable than LQA, thus avoiding for-
mation of estolides, which are composed mostly of
hydroxy fatty acids [3]. As other new properties are
examined, 14-OEA may find an important application as
particularly useful in the lubricant industry, much like
other keto-acid derivatives that have been patented for use
as grease thickeners [6]. This study represents an important
advancement in these efforts because we identified a
number of S. multivorum strains that are able to carry out
the dehydrogenation reaction to convert LQA to produce
14-OEA in high yields in the newly defined ST medium.
This biologic activity is apparently unique to a group of
closely related S. multivorum strains that we identified.
Therefore, future research should be directed at isolating
other strains that cluster within this group.
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